Abstract. This study investigates the stability of PP-P travel time measurements using a waveform crosscorrelation method on both broadband and long-period data. This study finds correspondence between 50% of the PP-P travel times read from broadband and long-period data, but also finds 50% of the measurements differ more than 1.0 second. 
Introduction
PP phases are important for determining upper mantle P-velocity structure in regions that are poorly sampled by direct P waves but well-sampled by PP ray paths. PP waveform modelling was therefore employed to determine the crustal and upper mantle structure of various tectonic regions [LeFevre and Helmberger, 1989; Schwartz and Lay, 1993] . At epicentral distances larger than 600 the PP phase is outside the upper mantle triplication region and a simple crosscorrelation technique should suffice to dete•nnine the PP-P travel time. This differential travel time is most sensitive to the P-velocity structure beneath the PP reflection point [Girardin, 1980; Woodward and Masters, 1991] . The crosscorrelation method is conventionally applied to long-period data, but more accurate measurements may be obtained from broadband instrumentation due to the shorter periods in the broadband data and the wider frequency band. Furthermore, broadband data are now becoming sufficiently abundant to obtain good coverage from such a data set. This study was initiated to determine PP-P differential travel times from long-period and broadband data by a semiautomatic procedure. However, it was soon apparent that waveform distortion affects the measurements, resulting in significantly different travel time measurements obtained from broadband and long-period data. In this paper we illustrate some of the P and PP waveform effects that complicate PP-P differential travel time measurements.
Data and analysis

Data
We determined differential travel times from broadband and long-period stations in Europe to obtain a dense sampling of PP bounce points per event. Data available on CD-ROM (from the ORFEUS Data Center) were selected for the period 1983 to 1988 and epicentral distance range of 600 to 100 ø. We selected roughly 400 long-period and broadband seismograms with good signal-to-noise ratio. Analysis Our semi-automatic procedure to determine differential travel times follows that of previous studies [e.g. Butler, 1979 NARS data of a Hokkaido event. We applied a Hilbert transform to the PP phase and compared this signal (solid) with the direct P wave (dashed). The first maximum of the P phase and Hilbert-transformed PP phase are manually aligned on the broadband data in fig. 2b to obtain the best waveform fit. In the absence of any complicating factors (e.g. attenuation, crustal reflections) the waveforms should match perfectly. Figure 2c shows these data converted to an SRO long-period response. Whereas the broadband data show a reasonable waveform match, the long-period data show an increase in mismatch with increasing epicentral distance due to broadening of the P waveform. For instance, the long-period P waveform of NE10 is not only broadened compared to the It is important to acknowledge this dispersion effect otherwise biased travel times may be mapped along PP ray paths or to near-CMB structure. Note that this effect seems to depend on the source-receiver configuration. For some events it is identified at epicentral distances as small as 880 (e.g. fig. 2 ) while for events from other source regions it is observable only at distances larger than 900 (e.g. fig. 3 ). To prevent possible contamination we suggest a conservative approach and limit the long-period PP-P measurements to epicentral distances smaller than 880 .
Interference of PcP with P has a negligible effect on the PP-P measurements as was synthetically tested and observationally checked. Moreover, its effect would decrease with decreasing PcP-P times (i.e. larger epicentral distances) whereas we observe broadening with epicentral distance.
PP waveform distortion Many seismograms show significant PP waveform variations. For example, station NE 10 ( fig. 2) best waveform fit (fig. 3b). Figure 3c shows the data of fig. 3b converted to a long-period 
Discussion and Conclusion
We have shown that P and PP waveform distortion affect the PP-P differential travel time measurement. Although half of the observations showed a 1 sec consistency between the broadband and long-period crosscorrelation measurement, the other half showed larger deviations. A systematic bias towards smaller PP-P travel times is obtained by P-wave diffraction along D" and CMB. This bias not only depends on the frequency content of the data but also on the region of the D" and CMB sampled by the data. P wave diffraction effects may be avoided by conservatively limiting the data set to epicentral distances smaller than 88 o .
More important and less systematic are the PP waveform distortion effects. Some of these can be explained by PP interference with underside reflections from discontinuities near the bounce point, although in many cases focussing by topography is required to explain their high amplitudes.
These interference effects are strongest on the broadband data and may even lead to misinterpretations of the PP arrival. The effects of precursors are partly filtered out on the long-period data. This means that these data are less affected, but also that the interference effects are not as easily recognized. To our knowledge, this is the first paper that addresses these PP-waveform complexities.
At this point it seems difficult to alleviate the problems with P and PP wave distortion due to the fact that their frequency-dependent effects are strongly regionally dependent.
The main conclusion from this study is that broadband data do not necessarily provide more accurate PP-P travel time measurements compared to those of long-period data. The 1-sec uncertainty estimated for long-period data [Woodward and Masters 1991 ] seems appropriate, and for many seismograms higher accuracy will not be obtained from broadband data. Thus, the uncertainty of PP-P differential travel times which can be obtained is an order of magnitude larger than the travel time accuracy of direct P waves.
